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The opergtion of gas turbine units over a long period of 
time had previously been restricted by fuilure of metals in 
service, However, with the increasing use of gas turbines on 
land and sea installaticnsa, it is necessary to know at what 
point the units must be torn down for overhaul, The design of 
turbines atscd combustion chambers are relatively insensitive to 
changes in efficiency due to fouling. The compressor, however, 
is quite sensitive und small changes in blade shapes effect 
large changes in efficiency. Por this reason it is necessary 
to study the effect of fouling on compressor blading. Thia 
fouling can come from several sources -- salt one ayy eS in the 
atmosphere over the sea, or dust particles over land. 

in order to study the effect of this fouling on « compressor, 
it was necéssary that a compressor test facility be designed 
and built, and this thesis concerned itself with thie project. 

A Westinghouse Xy¥.5B jet engine was usec as the machinery 
element cf this test Pacility. However, since it was not desired 
to run the apparatus "hot", a chenge in the air flow hed to 
be made. 4a power alr circuit including, the turbine waoeel 
comprised the driving unit for the apparatus, and a test air 


\SGSoO 


‘> 
>, RH, 


Mey 


a 


ci 


- gircult including the compressor made up the experimental 

“i circuit. 

| In orcer to accomplish the flow of two circuits through 
the gag turbine, the combustion chamber was stripped of all 


its burner clements and o Giaphragm was inserted transversly 


insicge the chamber. An annulus was mounted on one side of the 


. St was tapved into the other side of the diaphragm to resaiwal 
“a flow from the compressor outlet. A, 
An o11 mist recovery system was designed, built, and in- , 
Datalied in the apparatus in order to prevent the fouling of 
4 the wind tumnel ducting with exhsust lubricant. 
| Measurement of the air flow through the compressor is 


_ accomplished by measuring the pressure drop scross the inlet 


— duct which has been calibruted avainst a standard orifice. 


fest runs were made with the apparatus ut speeds up te 
18,000 rpm in order to determine any mechanical difficulties 
Waka Gatu obtained during these runs gave an approximation 
to the compressor characteristic serie at speeds of 15000 


“ppm and below, 
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CHATTER T © PURPOSE AND INTRODUCTION TO TUSSiS 
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One of the major factors determining the effective 
operation of a gas turbine plant is the efficiency of 
the commonents-----turbinse, compressoi, and combustion 
chamber. Since the net work produee? by such a unit is 
the difference between the turbine work and the compres= 
sor work, t.ese componont efficiencies must be kept as 
igh as possible. Turbines and combustion chambers of 
relatively .lgh efficiency can he designed; however, the 
dssigm of hichly effictent compressors is a major pro- 
dlem. “ho e ticiency of a compressor is affected ersatly 
by smail changes in blade form, Since it is important 
that tne efficiency of o compressor is not impaired dur- 
ing continuous operation, the effect of fouling on the 
blading beccmes a major problem. In actual practice, a 
gas torb'ne otant undor continnous operation may foul 
Gonsiderably due to th: presence of foreign particies in 
the atmosphere. This fouling, in effect, will alter the 
shape of the coumressor blades and tius subsequently re- 
duce compressor efficiency, in the extreme case, all the 
turbine power output would zo towas'd aQriving the compres- 
sor, leaving none for useful work. At soa, though the at- 
mosphere 4s relatively free from dust varticles, the pre» 
sence of moist salt varticles ovnstitutes a source of 
fouling. It is essential, therefore, that the rate and 
magnitude of fouling be as accurately determined as pea- 


Sible, for, in tie case of shipboard installations, the 
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operating life of a gas turbine unit, and thus the 
‘periods between overhauls, will depend largely there-. 
UpoON. 4 ) 

The apecific LAS of this thesis is to design 
and construct a suitable compressor test. stand part i- 
cularly adaptable to compressor fouling tests. Though 
sonduetton of these fouling teats wilt be the primary 
purpose of the unit, the dees gn wih2 Lend itself readi- 
ly to other compressor tests of a diversified nature. 

Some work hag been accomplished regarding the ‘effect 

of wet compression in compressors, but this has bean li-+~ 
mited largely to centrifugal units, vater injection has 
veen successfully amp Loved in few UsSeA,F, aviation 
gas turbines jets, but these were of the centrifural 
type. A notable exception ts the French Rateau Ssxa-10l, 
which 1a equipped with a ten stage axleleflow compressor. 
Under takeoff. conditions, with water injection into the 
compressor Inlet, this unit develope 8820 pounds of 
thrust, an increase of 21% duc to the water injection. 

Wone of the research upon the effects of water tn- 
jection has touched unon the effect of fouling on com 
pressor performance, The presence of fouling on och 
pressor blading has been noted from tests Scnducted at 
U,. 3. Ravel hgineering Pxper imental Station, inka ia 
Yaryland, but to this date steps to asportain its re- 
sulting effects have not been undertaken, 

During World war IT and the years immediately prece= 


| ding it, the Germans undertook an interesting sertes of 
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tests on axial-flow compressors, The results were publish- 


ed by Dr, 2runo Eckert in Stuttgart in 1946 at the re- 
quest of the Naval Tachnical ¥ission in Surcpe. Those 
were later translated by the Bureau of Aeronautics, Navy 
Vepartment, and then published by the Bureau of Ships. 
The compressor performance resvlts were much lower than 
those of current Amorican and “Yritish desiens, affected 
chiefly by excessive staze pressure rises and the ignor- 
ing of radial stability. downser, the experimental tech- 
niques and theoretical analysos of the Germans were of 
unusual interost. The test rig consisted essentlaily of 
an open cycels compressor driven by an slectric motor or 
a dynamomoter, the whole unit beins sup»orted by a float- 
ing cradle. In one test rig, the air flow was controlled 
by a radial throttle at the compressor outlet, and me- 
tered by an orifice located ahead of the compressor in- 
let. Other test rigs placed the metering orifices at the 
Compressor outlet and varied the alr flow by using ori- 
fices of different diameters, Provisions were made for 
measuring the pressure and temperature at each stare. 
In addition, the compressor blades could be rotated to 
give any desired angle of attack. 

Technical Note No, 115% (National Advisory Comalites 
for Aeronautics) ontitled "Standard Procedures for tating 


* 


and Veating Yultistare Axial-Plow Compressors" hag been 


na very useful source of information fcr this thesis, 
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CHAPTER II - GENERAL DESCRIPTION OF TEST UNIT 


The test stands described in the previcus chapter 
were all of the spen cycle designs. Por several reasons, 
however, the test unit Tinaiiy decided upon for this 
thesis was a closed cycle design. For compressor foul- 
ing tests the closed cycle would provide better con- 
trol of compressor inlet conditions------pressure, 
temperature and quantity of fouling material. it was 
decided to drive the compressor with the original tur- 
bine rather than with an slectric motor, as this would 
eliminate shaft alignmont difficulties and most of the 
bearing problems. The turbine would be driven bY eir 
from tre wind tunnel, this, of course, resuiting in a 
reduction from designed turbine powey output. vith the 
closed cycle the tnlet conditions of the compressor 
would be kopt at a partial vacuum, thus reducing the 
compressor work and increasing the maximam obtainabis 
speed of the test unit. : | | 

The air flow through the test unit is divided into 
two distinct cycles----- the power air oycle and the 
Gompressor alr cycle, See igure “I The general ar- 
rangement of the unit is shown in Pliqure IJ. Fabri- 
cation of most of the ducting was accomplished at the 


Hoston Naval Shipvard. 


Power Air Cycle 


‘The single stare turbine ts driven by air from the 


supersonic wind tunnel. The air flows from the tunnel 
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6 outlet valve through a system of 12" ducting, a transi- 
tion member narrowing to 8" piping, and thence into the 
dunliex chamber. Sufficient flow area has been provided 
in the chamber to prevent the occurrence of high Mach 
Humber air velocities. The air then expands through the 
turbine and exhausts throuch another traneltion member 
to the wind tunnel inlet valve. The power output of the 
turbine is varied by varying the air flow through the 


wind tunnel system. 


Compressor Air Cycle 


ee ne 


The compressor air cycle is designed as a closed cy- 
Cle to operate at pressures somewhat below atmospheric. 
The air flows in a continuous cycle through the compressor 
inlet duct into the compressor, where it 1s compressed 
and exhausted into the duplex ghamber. From there it is 
ducted through 4 system of piping to a gate valvee The 
latter can be adjusted to produce a wide range of air 
mass. flow throuch the cycle, The air then passes througa 
a transition flange to a 24" diameter elbow provided with 
air flow straighteners, whence it continues through a 
set of coolers followed by a wire screen and then re- 
enters the compressor inlet duct, thus completing the 
Gite. 

A means for exhausting the compressor air system has 
been provided. 4 line for this purpose has baen installed 
in the transition member fcllowing the gate valve and 
leads to the oxhauster aystem of tho laboratory. Coupled 


: with the exhauster system is a valve-controlled bleeder 
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system, bleeding air from the atmosphore to tine con- 
pressor air cycle. The exhauster is operated at full 
capacity, and control of the air pressure at the cam 
pressor inlet duct is had by regulating the amount of 
air bled from the atmosphere through the bleeder systen. 

Tho temperature of the air entering the compressor 
is controlled by varying the water flow threugh the 
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CHAPTER ITT TESTING PROGEOURE FOR UNIT 


The purvose of the tost run was twofold. The main 
ooject, of course, was to test the functioning of the 
test stand, and correct any mechanical troubles that 
might become apparent. This was done by operating the 
conmressor over a wide range of speed ani pressure 
conditions, At the same time it was desired to obtain 
the operatins characteristics of the compressor, 

The spect of the comprossor was controlled by 
rerulnating the syect of the wind tunnel compressor, 

Tne inlet and outlet wind tumnel valves were kept wide 
oven at 211 times. The compressor speed was increased 
in increvents of about 1000 rpm, with the following 
testins »roceaiure used for sath speed: With the 
compressor running 2t essentially constant speed, the 
aiy uass flow and cormressor back pressure were varied 
by adjusting the gate valve in the couwpressor air cycle. 
Pressure, tennorature and sveed readings were taken 
with the cate valve fully oven, about half open, one- 
quarter onon, and until the compressor surge point 

was reached, ‘then this vrocoiure was completed, the 
specd of the compressor was increnaed, and the procedure 
eyels was revcated.j The pressure in the mlenum chamber 


was maintained as close to atmospheric vressure as 
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possible by controlling the quantity of air pessing 
theough the exhaustor and air bleeding Bysten, Avpendix 
D describes in detail the location and type of the 


instrimentation used for the test rung. 


CHAPTER IV TEST RESULTS 

Test data and results for the comoressor test 
run of 9 May 1051, have been recordei in Tables I and 
II. Compressor characteristics as determined from the 
test data have been plotted in Fisure IX, ‘or the ranre 
or compressor speeds under LSOC0 RPI. 

Due to the failure of the thermocouple wiring 
system, the compressor inlet tomperature was aporoxe 
imate: from the arbient air temperature and tho air 
temperature leaving the compressor air cycle coolerse 


This was assumed for all calculetions to be 70°P, 


TABLE I 


COMPRESSOR PEsote CATA 


DATE 

PES (NO: 

GORR:. BAR: PRESSURE 
AMBIENT TEMPERATURE 
WIND TUNNEL COOLER TEMP. 


a 


age 


— 


~J 
+ 


a NN 
+ - 


754.0 wn na Hq 
83.3°F 
C6° F 


Ss 
nh 
~ 


a 
w 


4 
r 
+ 


’ 
~_ © = 
- » 
= c e 


68s 


t' pie 

Na eet ng ey mn te te 
es { 
: 7 Cr 

St ne a ae 

’ ! 
‘ 2 Bee | 
a a a ee ee ee 7 
‘ . : 
a a i cero 


a Soy 


rite 
n hie ‘Wegiematl ethane 


r \ 


1 ova 
ae 


BHA 


TABLE II io 


COMPRESSOR CALCULATION SUMMARY 


Qq may ao) 


DATE 
Teet NO; 
GORR. .BAR:. PRESSURE TS9.0 ses 
AMBIENT TEMPERATURE 83.3°F 
WIND TUNNEL ‘GOOLER’ (TEMP. a a 
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Boing the first experimental run of the compressor 
test stand, the test results are more indicative than 
conclusive, and the accuracy of the data ean be questioned 
The main obiect of the test mun waz athleved, since 
many interesting difficulties were brought to Light. 

The operation of the thermocouples was far from 
satisfactory. Readings of the potentiometer were erratic 
and at no time consistent, Thia wag believed to bea due 
to either a skort circuit or a faulty connsetion in the 
thermocouple wiring. system. For this reason, the 
compressor inlet temperature had to be inferred from 
the ambient air temperature and the alr temrerature 
at the outlet of the compressor air cyele sooler, 

Compressor and turbine vibrationa were considerable, 
particularly at two orftical speeds - 286 RPM and GO000~¥ 
7000 RP. At 250 RPM, the bearing nolse was considerable, 
being unusually loud and severe. Severe vibration of 
the unit at about GOCO-7000 RPM was attributed to the 
struts supporting the compressor inlet duct. The 
idontieal trouble was recorded in the NAGA loghook for 
this gas turbine unit. Extreme caution had to be 
exercised shen recording totel preasure readings, as 
the vibrations tended to alter the position of the 


pitot tube in the alr flow, Becange of the extreme 


17 


\ ° ca ¢ 
> "The Kaige ly wa 


coe wade! pits 


th» wr - 4 7 Te. w ; 
‘© ci sae allt hi ite “ ee 


f 


wit es f te Jt! Bes i ome ast ie 
| a ie 
mis snd ye 


rer. ne 


Vibration, it was found almost impossible to keep the 
compressor at the surge point long enough to obtain 
pressure conditions and speed readings. it was feared 
that these vibrations might rupture one of the rubber 
diaphragms in the system. 

Phe maximum speed reached on the test run was 
15000 RPE, which is the rate! idling speed of the 
gas turbine unit. Due to the uncertainty concerning the 
strength of the rubber diaphragms and also a shortage 
of testing time, it was decided to linit the teat run 
to values below this speed. 

As a result of this limitation in speed, the 
compressor characteristic ourves plotted in Pigure IX 
were limited to a vary small portion of the total operating 
range of the compressor. The general trend of the curves 
were logical and indicated the approximate performance 
characteristics of the COMPPESSIOI, but the absobute 
values of the curves should not be considered as accurate. 

The lubrication system seemed to function properly, 
and no serious trouble was exerienced, The level of 
of1 in the sump tank was maintained at a distance of 
about 35/8" from the bottom. 

The test data for all runs below 9000 RPM were 
discarded when a faulty connection in the compressor 


inlet total pressure tap was discovered. 
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During the test run the compressor air cycle 
cecler dsvelonped a slight leak. aA loose connection 
between the plenum chamber and the compressor iniet 
dust, probably caused by the vibration of tha compressor 
inlet duct struts, might have had an effeet on pressure 
readings. | 

The one compressor outlet temporature reading 
accurately measured vas obtained with a meroury 


thermometer through an access plug in the duplex chamber. 
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CHAPTER VI CONCLUSIONS 


‘ 


Prom the results of the test runs the following 

conclusions may be drawn? ; 

1. The design and construction of the compressor 
test stand is satisfactory, at present, for 
limited compressor tests, With thé adaption 
of the recommendations stated re Chapter VII, 

a wider range of compressor tests will be possible, 

Ree The operating characteristics of the compressor 
were doterwined for a very limited range of 
spesd es oressure conditions, below 15000 RPM. 
These vesults sre Merely indicative of the 
commrossor characteristics, and should not be 
considore| as accurate. Further tests should be 
conducted after design modifications have been 
completed. ; 

Se The air mass flow through the compressor inlet 


duct can be measured accurately within 1.12%, 
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u 


* | 
As a result of the experience gained during the 
test run, the following design mwadifications should 
i be mad» before further testing of the unit; 
4 (1) Replace the mibber Maviwusees in the 


Guplex tuaarvex sai bcSrect the compressor 
fale’. dust and tis ““lemum chamber with 
ane eetal diaphragms. With the present 
rubber diaphragms pressure variations at 

the compressor inlet are extremely 

limited and must be maintained at 

pressures near atmospherice | 

A thorough check of the turbine and 
compressor bearings should be made before 
operating at any spead highor than 15000 RPH. 
Replace the Compresecn-Anied duct struts 
with struts of a heavier gauge sheet matal, 
or angle. | 

A thorough check is Mead ia tinaclnabss: ddenenekt 
should be made. The thermocouples were not 
functioning properly, due probably to either 
a short circuit or a loose connection in the 


wiring systeme 


“Peruse cea” 
Aree 2 
Sara at 


. Ms - Basads 
tL TABILY g aT SO SOopgs i ie 


rer wi ~ 
t wecbyba eee tt i ae: 


ediwice «ny? 40502 ci uh Seq on ag. bon! Geof: 


2 4 . mm oid ay 
eagle Spey ‘ere, as m Ae. wi Nery the 
( ; PAY J 4 


ont sam 2: ~w 


arn 


na 


(5) Manometers of greater ranze should be used 
for monitoring of lubrication aspirating 
air and lubrication seal prassurizing line. 

(6) Coolers should ba checked for leaks - there 
apparently was 2 smell leak in one of tho 
coclers, althovgh this may be of no conse- 
quence. 

(7) A rvre-ctiroulatines line in the lubrication 
supply line should be installed, since the 
amount of lube ofl vumpa: through the 
system to the aspirator depends on the 
temperature of the enrine parts, This 
machine runs at ralatively low temperatures 
and honce the lubrication nesds are less. 

{8) Due to small inaccuracies in ths moasurenonts 

: and/or manufacture of the ducting, snall mis- 
B alignaents should be corrected by lengthening 
‘ae | or shortening ducting to fite 

{9) The operating éharacteristies of the compressor 
should be determined wore accurately over 
the entire operating speed range. This 
was not possible previously due to factors 


Ai scussed in Chapter VY. 
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VIII. APPENDIX 
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APPENDIX A-~ TURBINE AND COMPRESSOR ARRANGEMENT 


The main component of the conpressor test stand is 
the Yest inghouse X9.58 aircraft turbojet which is designe 
ed for 200 pounds of thrust at military rating ( 26,000 
NPY at static sea level conditions). The engine consists 
of an axial flow compressor of six stages with a sadtibinn 
3 to 1 pressure ratio at static sea level conditions, a 
double annular combustion chamber, and a single stage 
turbine. Ths unit has been modified to accommodate the 
power air cycle and the comvresser air cycle by converte 
ing the conbudtion charber into a duplex chamber. The 
two air cycles are separated in the duplex chamber by a 
two-ply 1/8" rubber diaphragm secured transversely across 
the rabax A sectional view of the turbine and compressor 
units may be seen in Pigure III, For general specifica- 
tions of the unit reference is made ta esbinghouse Blee- 
tric Company epecification Ho. YACT!$X9e5e2 (Hodel Speci-~ 
fication X9.5 Turbo-jet Bngine). 

The turbine, compressor, and duplex chamber are com- 
plately free of rigid cormsction to the remainder of the 
system----- accomplished by use of heavy rubber expansion 
joints. ‘1th this arrancement transmittal of ducting vi- 
brations to the turbine amd compressor will be kept to a 
minimum. 

The compressor inlet duct, igure IV, is secured to 
the plenum chamber by a 1/8" rubber diaphragm, the latter 


serving as 9n expansion joint. At its ovter periphery, the 
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, _ ateel retainer ring and bolted into position, At its in- 
ES ner periphery the aiaphragn is made fast to the compross- 
a inlet duet with « retainer ping and is hela tn posi- 
“7 thon oy wood sorews and subber cement. Tho compressor 
., - tnlet duct, fabricated of white pine, 1s fitted with an 
Be "alumi nun ring: dosigned te fit snugly within the conpress~ 
% er niet for: rigidity, three sheot metal struts are en 
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APPERDIX ~ DEPAILED ARRANGEMENT OF DUPLEX CHAMBER 


The dosign and construction of the duplex chember 
was by far the most difficult phase ef the thesis, limit- 
ing dimensions constituting the most serious problems 
The basic design requirement stipulated that the chamber 
accomodate both the compressor and the power air flows. 
Yor a general avrangotent of the chamber reference is 
made to Pigures V and VI. | 

The air from the wind tunnel enters the turbine throush 
the dunlex chamber inlet ammlus. The anmlus, construct- 
e: of lg-gauge mild steel, of semi-weld construction, is 
designed to provide a uniformly distributed flow of alr 
to the turbine noszles. From the annulus the air enters 
the duplex chamber proper through six 2" by 3” ports lo- 
cated circunmferentially around the outer shell of the 
chamber; these ports are of sufficient area to keep air 
velocities within acceptable Limits-----bolow thous corre= 
sponding to a iach lumber of C.S0 . 

Ho welding operations were attempted on the shell of 
the chamber, this to prevent any misalignnent of parts 
due to heat distortion. Por this reason bolts are used for 
the secnring of all parts. The inlet annulus is bolted to 
the outer shell of the chamber by means of two mild steel 
flanges. Rubber saskets aro employe: to reduce air lenks 
to a minim. | 

The compressor air outlet from the dunlex chamber, of 


16-sange mild steel construction and 5 3/8" in diameter, 
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is bolte:i to the top of the chamber. 

The rubber diaphragm separating the two air flows is 
held in position by two sete of retainer rings. One set 
ig secured to the inside wall of tha outer shell of the 
chamber, and the other set is secured to the outer wall 
of the inner shell. One ring in each set is flanged and 
bolted to the chamber shells. The diaphragm is then posi- 


tioned and bolted in place between the two rings, 
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APY ERBDI - DUTATLS OF THE LUBRICATION SYSTax 


Under normal operation, when the engine operates as 
a jet engine, tho excess lubricant (011 mist) is allowed 
to enter the air stream and pass ont of the engine with 
the exhaust gases of combustion. 

hen operating as a compressor test facility it will 
be important that no cil be permitted to enter the wind 
tunnel systom to create serious fouling conditions. Ac- 
cordingly, it was necessary to altor tho lubrication 
system sieicsedat to mest this requirement. 

Under normal operation { as a jet engine) , the lu- 
bricant exhausts into the air system in two locations: 

(1) inmediately forward of the compressor outlet 

{2) between the turbine nozzles and turbine rotor 
The vrevention of cll lsakage beyoni the turbine has been 
accouplished in the following manner: A drain line hag been 
installed leading from a point inside the inner sheil of 
the Saplex. chanber, through a former fuel of] connection, 
and ‘at to an o11 trap and vacuum air punp. Thus, the 
drainage system has been g0 dusigned that a pressure diffi- 
rentilal exists between all parte of the unit and the drain 
line. To assist in the prevontion of o11 leakage between 
the turbvine nozzles and blades (item 2, above) compresse! 

' air has beon led to a bronze pressurized ofl geal ring 


inatalled between the turbine bearing and turbine rotor 
as shown in Figure VII. The pressure gradient set up is, 


again, in the direction of the drain line, Thus, ail oll 
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mist flow 1s in the direction of the drainare system. 
To insures preper lubrication of the turbine bearing 
the lubrication line has been altered to run to a point 
aft of the bearing instead of before it as was the cxse 
originally. This nermits ‘oil flow in the direction of 
the vressure gradient montioned above. 
Installation of tho bronze sealing ring made necos- 


sary the movement of the thermocouple for ths turbine 


bearing ts a point ahead of the bearing instead of after 


it. 
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APPENDEX, D. INGPRUMENTATION OF THe TEST UNIT 


Phe instrumentation is designed to measure f the 
pressure ani temperature conditions at the inlet. and 
outlet of the compressors tho inlst starnation pressure 
and pressure drop across the compressor inlet duct, 
which has been calibrate: an a fluid flow meter}; the 
temperatures at the three turbine and compressor 


bearings; and the speed of the compressor. Figure X 


shows the General arrangement of the instrumentation 


s¥yatem, 


Pressure 


The statié pressure at the inlet of the compressor 
inlet dugt fs measured by a mercury vacuum manometer. 
The 1/3" pressure tap is locate: fn the yYlenum shanber 
three inches from the compressor inlet duct. The 
pressure drop across the compressor inist duct is 
mon sured on 4 wator manozctor,. The other leg of the ; 
water A EE is connected to the static pressure side 


of a combination statio-total pressure pitet tube located 


in the compressor inlet, The total presspre as moasurad 


“by this pitot tube is indiedted on a mercury manometer. 
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Another combination static-total pressure pitot tude 

| is locates in the compressor outlet. A mercury manometer 
measures tho total pressure, while a water manometer 
is used to measure the pressure difference between the 
atatic and totel pressure taps. 411 manometers are 


calibrate? in millimeters. 


Temperature 


Rae ‘i Tron-constanten °O snugo wire thermocouples area 


a used to determine temperature conditions in the system. 
A Leods ami Northrup double-ranre potentiometer 
indicator measuresthe thermocoupls electromotive force. 

The thermocouple wires are comected at the tomperature 
ie. reference point, an ice bath contained in a thermos 


‘a vottle, to copper load wires from a swltiple switch. 
Ad total of five thermocouples are used, Two thermocouples — 
" Reasure the stagnation temperatures at the compressor ) 
Inlet ani the compressor outlet, The other throe ; 
thermocouples anetre the lubricating o11 temperatures 
oa. exch of the thres shaft bearings. The following 

ar.) Gélor code was uaed for identification purposes = 

_ white or yellow indicating iron, and green or blue 


indicating constantane 
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A tachometer connected to the main shart through 
& bevel gear and operating at a speod ratio of 6.080 


to 1 indicates the speed of the soupressor rotor. 
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APPENDIX EK CALIBRATION OF COMPRESSOR INLET DUCT 
Re ee I Tn Ng a PR en 


Seneral Arrangement 


To provide a means of determining the sir mass flow 
through the compressor, the sompresscr iniet duct Was 
calibrate: as a flew meter with a standard ASME orifice 
viate. The arrangement of the test stand was modified 
for calibration purposes as shown in Pigure VIII. A 
general view of the ealibration layout is also shown 
in Plate D . 

The principal alteration was that of combining the 
two cloged air cycles to form a single flow of alr from 
the wind tunnel through the syste. For the calibration 
run the turbine and compressor rotors were removed, to 
eliminate any vossiblie lubrication problems. The rubber be 
diaphragm separating the two air cycles in the duplex 
chamber was removei, and all other outlets from the 
chamber were blanked off. The orifice used to calibrate 
the coworessor inlet duct was a 6.25" standard Acts 
square edge orifice plate, with flange tapse To insure 
a smooth velocity profile of the air approaching the 
standard orifice, strsuightening tubes and a straightening 
screen wers placed in the air ducting eight diamoters 
in front of the orifice, as specified by AS¥E instruc- 
tions. The standard orifice was positioned betweon 


two leneths of streight smooth ducting~----8.6 diameters 
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General View Showing Calibration 


v9) 


were: _ 


in front of the orifice and 3.4 diameters behind the 
orifice. A wire scraon straightener was placed in 


the plenum chamber to smooth out the air flow entering 


the compressor iniet duct. Ths water cooler air tubes 


in front of the acresn also served to eliminate turbe 


wlencée in the air flow. 


Instrumentation 


The primary measurements desired for the calibration 
Sg oy: | she differential pressure across the orifice ; 
| and across the compressor iniet duct. 

(2) The static air pressure at the inlet of the 
standard orifice and at the inlet of the 
compressor inlet duct. 

(3) The average air tomperature across the 

standard orifice and the compresser inlet 
aust. 
Pressure conditions on both sidos of the standard 


“orifice were measure) from two flange tapa, located one 


_ inch from each face of the orifice. A mercury manometer, 
Pankivvetes’ in millimeters of mercury, measured the static 
pressure at the inlet of the orifice. The differential 
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pressures across the orifice was measured on a water 
manometer, calibrated in millineters of watore | 
The static air vressure entering the compressor 
iniet duct was mensurel from an 1/" static pressure 
tap, lovate3 in the plenum chaweber, three inches from 
the Inlet flanze of the compresser inlet duct. 4 
coubination static-total pressure pitot tube located 
in the compressor intake was used in conjunction with 


the plenum chamber vraossure tap to measure the differe 


40 


ential proeasure axisting across the compressor inlet dust. 


The static air pressure was measured in millimeters of 


movcury; the differsntial pressure measured in millimeters 


of water. Calibration tasts were run with two sizes of 


pitot tubes, with exceliont correlation of results, 


Tommerature measurements were taken at the outlet of 


the main wind tunnel seoolsir. Since the temperature 


differance between the cooler tenmerature and the ambient 


room temperature was extremely slight, this temperature 


was sufficiently accurate for calibration purposes. 


Galibration Proseaedura 


Prevaratory to the actual eaxlibration run a 75 m: He. 


vecuum was impressed on the srstem to test for air 


leateasce. After leakare had teen eli. inated the wind 


tunnel outlet valve was opened and the calibration 
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run was started. To provent excessivo pressure on the 


rubber diaphragm between the compressor inlet duct and 
the plenum chamber, the pressure in the plenum chamber 
was kept within 50 mm. lig. of tho atmoanvheric cebu 
The air flow through the unit waa changed by small 
intervals, ani pressure readings taken after the flow 
4 had stabilized. This procedure was Popeated over a 
ate wide ranze of air flows, Limited only by the range 
of the standard orifice differential pressure manometer, 
A total of four runs was mado, The calibration test 
data and test results appear in Tables III and IV. 
The method uss. in calculating these results is 
presenter in hpoond!s x F, 
_ Plotting of Results 

Instead of the usual yvlot of nogzle coefficient 
Versus Reynolds Number, it was decided to plot the 
q differontiel pressure across the compressor iniet duct 


versus the compressor flow parameter: <---= 100 w Py 
| PL 
where 7, is the compressor inlet temperature in °R. 


w is the air flow in pounds ver second 


Pp) is the inlet duct inlet pressure in mm Hea. 


iy 


This was deomed a more convenient method of plotting for 
use in datorminins the cororessor chardcteristic curves. 


The calibration curve 13 shown in “ieure XI. 
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Sources of Brror 


One of the assumptions made in the calculations of 
the air mass flow was that the flow through the compress- 
or inlet duet was the same as that throurh the standard * 
orifice, 1.¢, no air leakase cecurred between the orifice 
and the compressor inlet duct. Thuis any leakare would 
 peeult im an error in determining aly mass flow, This 
error would increase with increase in flow since air 
_ isakare Snbasee with flow. 

The mass flow calculations also assumed dry air 
flew. Any moisture in the air, resulting perhaps from 


wind tummel cooler leakage, would affect the value of 


p the calenlated density. However, the density in the 


expression for the mass flow occurs as the square root, 
which should reiuce this error to a negligible quantity. 
| the temperature of the air leaving the wind 
- tunnel cooler was assumed to be the temperature at the 
orifice and the compressor inlet duct. This temperature 
| should not be in error excecding $°R. or leas than 1%, 
Pressure readings were correct to the nearest 
millimeter of mercury or water, as the case may be, 
This introduces an average error not exceeding ©C,15%. 
Other errors include inaccuracy in reading charts, 
and slide: dale errors. ‘The total probable error is 
3 tabulated below, 
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Limit of Beror Square of 
es 0.0169 


Presaures --p 


- | " yay p 0 oid ' é 0,0169 
Be. | Tonperature . | 0.68. 0.3564 
i : f Density 0,05 . 0.0025 . 

F Primary olemont diameter O63 - : 0.0169 
‘Expansion factor--¥ —  OeBO 0,2500 
| _ -Fhernal expansion | 0,01 0.0001 

Plow cooffieiont-<x 0450 + 68509 

ety gun of squares QO s8897 
folerance (square root of 0.045 


sum of squares) 


, Thug, the total error in caloulating the mase flow 
through the standard orifice ts lesa than 1%. Including 


 gimllar errors in datermining pressure and tonperature 
gonditions at the compressor inlet duct, the total error 


in calibration should not oxceed + - 1.12% aot, 
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Prossure -=p 0.18 0.0160 
mls A p i O0i5 0.0169. 
Temperature 0.58 0.3564 
Total sum of aquares | 162509 
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fotal error in calibration 
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APPENDIX » SAVPLE CAILTLATIONS 
nen ee ee Ce ee re 


Calibration ‘ 


D, ~ actusl inside diameter of ducting - - - = = 10,506" 
Vey - primary element, standard orifice = - - - = 6,25" 
Diameter ratio, Def Dy = (6,.25)/(10.30) = = - = ~ 0.595 
Corrected baronstric pressure = GC.o5"liga - = -775.0 om Hga 
Differential pressure across orifice, as 

measured from flange taps, Ap - - °° © = = = 54.0 sm Hd 
Static pressure at orlfive inlet as measured - ("35.G)rm He 
Average air temperature at orifice, Tj ---- = H21°9R 
Assume flow coefficient, K, from Figure 34* - + 0.645 
Statice pressure at crifice inlet, pz = 


(775.¢ rm Yea - 35 mn de “ee ee = = = § 740.0 mm Nera 


Memeo =654)(0.0737)/(740) « = = =~ - - - sw = & 0400839 
Expansion factor, Y, from Mirure 37% - -~- =-+ =< 0,996 


Density, assuming dry air: 


fF, 


270° (Biy/T,) where pz ® psi 
f 


4 ory 


0.0524(piv/T1) where Py = mm 2 
A = ©,0524(740)(0.998)/(521) - +--+ 6.074 lbs/ft© 
4ir mass flow, w, in nounds per seconds: 
ws 0.668 Ag HEY VA Op 
where 4> - throat area of orifice in sq. in. 
KK « assumed to be 0,645 


B © area multiplier for thermal 


expansion, from Ficure 3* = 1,0 


| : 
abr ed - 


r ‘ i. 3 
riwi-oon Feq 

Py ae Sy Sree 5 hi 
Seated allie WA 5 


- -¥ = empirical expansion factor 
F, - pounds per cubic foot 
Ap - pounds per square inch 


| (Sigua ee 


Ww 2 (0.668 )(30.68)(1.0)(0.645) ¥ Ve dp(Cs 001421) 
a - w = (0.5048) ¥ Ve dp (where Ap © mn Hao } 


_ First trial for air mass flow: 


w = (0.5048)(0.003) (9.074 )(54)= - 1.CCL Ibe/sec 


C199 )x 20% 


= liao lute viscosity, te? from Micure 14* 


| ae Number = 48w 
ee. - wT U2 2 
“ 45w * 10%5 
a z = (2.04) x10°xw ay 


. 4 


t 
' 
1 
4 
t 
i 


“e  (2404)(105)(1.0c01) 2.04 x 109 


— Aetual K value from Figure 347 = ------ - - = 0,654 
rs 


ia . 
 Correctcd air flows {02654) x (1,002) 
ae ~ 


. 


: oe 
7 oe 


. . 
=... 
i & 


1.615 1vs/sec 


¢ pressure at compressor inlet duct, p, | 
a ©, 4-80) tee Fees ee Sle = 737,60 oe 
_ Nedght flow paraweter ow (To _ Pe ee ees | 
a. Po 

 fnlet duct --~--------+--- Sie So ht 
differential pressure Across compressor iniet duct- 29 mn 1,0 © 
b | | | “ 


Bi 


f 
. 


oF 
4 


ee P4geres referred to are found in ¥low Measurement , 1949. 
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Compressor Cheracteristics 


me to the fatlure ot the thermocouple ciroult during 
the test runs, the temperature at the iniet of the compress- 
or was inferred from the ambient air temperature and the 
temperature at the compressor air cycle a PO It was as- 
sumed to be 70 °P, 


Prom test run #15, the following data was obtained: 


Correctal darometric pressure 


ga 


" 
nN 
@ 
6 
1o8) 
cn 

= 
ey 

* 
re) 
i 
“J 
a 
© 
e 
Oo 


Inlet duct inlet pressure - - =«---<-=-= = “15.0 rm He 
“ifferential pressure across compressor 


inlet duct, Lv De _se eee = 216.0 mm HO 


i 
: 
i 
$ 
§ 
' 
tw 
~ 
e 
o 


Compressor inlet total pressure - mo he 
Comipressor outlet totai pressure -« - «= = «= 72.0 mi kg 
Differential pressure, static-total con- 

pressor outlet pressures = A(poo - po)- 696.0 mm lg0 


Speed ---- - = -- - ee eee ere ee 14,500 RPM 
Prom the above data: : 


Inlet duet inlet pressure = 759.0 = 13.0 ®py 746.0 1m Bga 
: Commressor inlet static pressure > Pp, * 
746,C - P1510 C7549 ) So -- eee ee 720.0 moa Hee 
Compressor outiet tctal pressure = Poo = 


159.0 # 72.05 ------ +--+ = = 651.0 mm Iga 


ee ae amaeneenn aa 
eee ene 


% = 1m %0 equals 0.07549 mn Hg 


Compressor outlet static pressure = po = 


Compressor prossure ratio = po/p, - +--+ - & 


Prom compressor inlet duct calibration curve, 


forAp 2 216,0 mn 50 wT) 
Pi 


X — 14,300 eS ON 9 I Se ee OR oR TO ET eee eee 


56° 


780.0 um Hea 
1,07 


Be24 


620.0 


Sekert, Be, 4 Coliection of Compressor Teat Nesults, 


Vole 22, Stuttgart, 1946 (translated BUSHIPS 358, 1946) 


_-«@,s«Rekert, B., Experiments with an Axial Cooling Fan Blower, 


Vol, 21, Stuttgart, 1959 (translated BUSHIPS 338, 1946) 


Se ACA Subcommittee on Compressors, Standard Procedures H 
4! 


a for Rating and Testing Pultistagcs Axial-Flow Compressors, — 


“i » 
fy) 


‘* HACA Technical Report No. 1156, Yashington, 1946 


Wilkinson, Paul i., Aircraft “ngines of the Yorld, 1949, 


New York, M.¥., 1949 


Powor Test Codes, 1949, Supplement on Instruments and 


Part 5 of Haterials 


Yoasurement of ocuantit 


Apparatus 


AeteMeEe, Now York, N.¥., 1949 


Power Test Codes, 194C, information on Instruments and 


} a ‘ ‘ 
a) Apperetus, Part 3, Temperature “eusurement, AcSeMeiie, 


“a Hew York, N. Ye, 1940.6 


bts Spink, L.eKe, Principles and Practice of Flow eter 


Engineering, Poxboro Coe, Foxboro, Masse, 19496 
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